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Abstract
Landscape and climate change interactions are considerably interrelated in mountainous area, where unsuitable or discontinuous
surface meteorological variables constitute an impediment to the generation of homogeneous ecological and hydrological data,
and may hinder long-term environmental studies. We developed a non-linear multivariate regression model (NLMRM) estimat-
ing snow days per year (SDY) in a focus area, the northern Swiss pre-alpine region (SPAR). The model was calibrated and
assessed by using measured SDY data and other climatic variables in the period 1931–2006, and then used to estimate SDY for a
longer period earlier than 1931. The extended series (1836–2017) showed a significant decrease of SDY passing from about
36 days year−1 in 1836–1943 to 29.9 days year−1 in 1944–2017, on average. This indicates that while warming is the major factor
driving the SDY decrease recently observed in the study area, other processes related to local precipitation and large-scale
climatic patterns emerge from our century-long perspective as important drivers of SDYvariability in the Swiss pre-alpine region.
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Introduction
Snowfall variability and long-term trends are the result of the
combined (direct or indirect) effect of several climate drivers,
such as atmospheric circulation, air temperature and precipi-
tation (e.g. Niedźwiedź et al. 2009). Studies on the long-term
snowfall patterns are justified by the impact that the snow
cover has on local climate and hydrology (Diodato et al.
2018) and, ultimately, on human life conditions (Barnett
et al. 2005; Dong 2018). Knowing the interannual snow cover
variability provides a baseline information for evaluating
shifts in plant phenology (e.g. Lane et al. 2012 on the role of
snow depth and melt) and in water resources (e.g. Arheimer
et al. 2017 on snow-fed rivers). The presence of snow and
seasonal melting water is essential to ensure sustained wet-
lands at lower-and-distant river basins during prolonged sum-
mer dry spells (Haeberli and Beniston 1998). Despite the re-
cent warming trend, heavy snowfall and winter-spring melting
still considerably contribute to the water balance in mid- to
high-latitude mountain areas (Legates and McCabe Jr 2005).
The focus of our study is the Swiss alpine region, where
snow is an important social, ecological and commercial re-
source (e.g. drinking, water reserves, tourism and hydroelec-
tric power) but also entails considerable risks such as ava-
lanches and road closures (Beniston et al. 2003; Scherrer
et al. 2004; Techel et al. 2015; Klein et al. 2016; Marty et al.
2017). Monitoring snow dynamics within the alpine area may
assist to determine local vulnerability and provide a regional
assessment of the ongoing climate change (Hu et al. 2018).
The relationships between snowfall amounts, glacier sizes and
environmental changes were observed with great interest dur-
ing the Little Ice Age (LIA, roughly AD 1300–1900; e.g.
Zasadni 2007). In that period, concurrent climatic factors am-
plified cooling during long periods of reduced solar activity
(Steinhilber et al. 2009; Delaygue and Bard 2011) and en-
hanced volcanic activity (Sigl et al. 2015), combined with
atmosphere and ocean influences as reflected in the AMO
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(Atlantic Multidecadal Oscillation) and PDO (Pacific Decadal
Oscillation) indices (Diodato et al. 2018). The Alps are an
excellent example of the combined effect of landscape and
climate change. On the one hand, the alpine range is a quite
hostile environment to human activities. On the other hand,
the Alps capture the interest and fascinated audiences, as af-
firmed by numerous scholars, geographers, writers and artists
since the eighteenth century (Reichler 2002). However, in
years of heavy snowfall, when snow cover persists well until
late spring on alpine and pre-alpine pastures, winter land-
scapes and crops can be heavily damaged by a snow mould,
as in 1757, 1770, 1785 and 1789 (Pfister 1978). A climatic
fluctuation involving cold winters extending until March oc-
curred in the latest part of the LIA (Grove 2004). However, the
interannual variability of snowfall in this period is still un-
known for Switzerland. After the end of the LIA, a general
decreasing trend in snow cover has been demonstrated in the
Northern Hemisphere (Brown and Mote 2009). Also, snow
depth decreased in the Italian Alps (Terzago et al. 2012, 2013),
while the number of snow days decreased in Switzerland until
recent times, i.e. 1961–2008 (Scherrer et al. 2013). A shift
from snow- to rain-dominated regimes is currently assumed
not to influence the mean streamflow significantly (Beniston
1997; Beniston and Goyette 2007; Serquet et al. 2013).
Our ability to monitor trends in mountain regions remain-
ing still limited today (Bormann et al. 2018), it is desirable to
increase knowledge of mountain snowfall trends and their
controlling mechanisms through improved observations, qual-
ity control, satellite-based remote sensing, model simulations
and projections (Rasmussen et al. 2012; Mudryk et al. 2017;
Frei et al. 2018; Baronetti et al. 2019; Diodato and Bellocchi
2020). In addition, knowledge of past climate is an essential
key to understand aspects of climate extremes, such as exces-
sive and/or deficient snow periods (Marty and Blanchet 2012)
characterising the long-term natural variability of climate
(Diodato et al. 2018). In this way, access to snow days data
is of value to support a wide range of ecological and environ-
mental science research, including studies of the impact on
human activities, livestock assets and infrastructures (Dafis
et al. 2016), and terrestrial water cycle trends and soil moisture
processes (Wang et al. 2018). Our understanding of the snow-
fall characteristics in several regions of the world is however
reduced by the short records available and the poor knowledge
of the complex, interacting factors involved in weather and
climate modifications (Kunkel et al. 2016). Snow monitoring
constituting arduous work for the instrumentation, in situ con-
tinuous monitoring systems able to collect snowfall data at
high temporal resolution are not well established yet (De
Walle and Rango 2008). Despite this, some studies have in-
vestigated snow trends and patterns in the European Alps
(Laternser and Schneebeli 2003; Marty 2008; Durand et al.
2009; Scherrer et al. 2013), and the possible connection be-
tween snowfall and climate patterns (Rebetez 1996; Beniston
1997; Scherrer et al. 2004; Estilow et al. 2015; Irannezhad
et al. 2017). However, for the Swiss pre-alpine region
(SPAR), there has been no recent progress so far on how a
combination of climatic factors has affected snow cover back
in time. This motivates our focus on this region. Thanks to
Marty (2008), for the SPAR, there is now an accessible accu-
rate long-time series (1931–2006) of snow days per year
(SDY), that is, the number of days with snow depth of at least
0.05 m between December and March. In this study, we first
developed and evaluated a non-linear multivariate-regression
model (hereafter NLMRM), which combines scale concepts
and illustrates first-order effects on the estimate of SDY. Then,
we estimated the SDY back to the end of the LIA to facilitate
an inventory of the changes in the most important snow driv-
ing factors, namely air temperature and precipitation, and to
assess how the evolution of these factors has influenced snow
cover in the Swiss pre-alpine region.
Study area
Switzerland occupies the northern slope of the central-western
section of the European Alps (i.e., the Pennine-Lepontine and
Rhaetian Alps), with the exception of the valleys of Lei (46°
28′ N, 09° 27′) and Livigno (46° 32′ N, 10° 08′ E), which are
part of the same mountain range but belong to Italy (Fig. 1a).
Its territory comprises three physical regions, which are struc-
turally and morphologically well differentiated: a large alpine
area to the South (which exceeds 60% of the total land area), a
pre-alpine region (below 800 m a.s.l.) in the centre (which
covers 27% of the total area; Fig. 1b, yellow areas) and an
anthropized area to the North. The Swiss Plateau extends over
the central pre-alpine area as a continuous succession of hills,
deep valleys and small plains, with about 100 to 200 days per
year on which temperatures dip below 0 °C (Fig. 1c). It de-
clines gently from the subalpine strip, at approximately
800 m a.s.l., towards the anthropized area.
Even if the territory is limited in surface, there are consid-
erable regional variations due to the different exposure of
slopes and the presence of large lakes, which exert some mit-
igating effects (Joly et al. 2018). Swiss Alps show close par-
allels with the French Alps, where snow maxima are centred
along the first mountain range exposed to predominating
north-westerly currents (cold and wet). However, snow pat-
terns are characterized by a marked declining gradient from
the north-western foothills to the south-eastern interior regions
(Durand et al. 2009). During the year, cyclonic Atlantic air
masses alternate with areas of anti-cyclonic airflows from
Central and Eastern Europe. One thus has a field of variable
winds, with wet masses from southwest, and dry and conti-
nental winds from northeast.
The distribution of rainfall is rather uneven and unpredict-
able, depending on the prevailing winds and the presence of
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reliefs. In 3/4 of the territory, rainfall volumes are largely
varying around 1000 mm per year. Precipitation increases as
approaching the alpine foothills and the Alps (including the
Bernese Alps, 46° 25′ N, 07° 45′ E), where peaks of 2000–
3000 mm year−1 are reached around 2000 m a.s.l. The pre-
alpine region is one of the wettest regions of Switzerland
(1500–2000 mm year−1). Snowfall increases with elevation
until 2000 m a.s.l.
Atmospheric setting of circulation patterns
Alps are located in a pivotal region and often exhibit local
snow characteristics, mostly during negative NAO (North
Atlantic Oscillation) phases. The fluctuations of snowfall
in Switzerland can thus be expected to be sensitive to
those of the NAO, in part icular the winter t ime
(December–January–February–March) value. Studies do
exist on the links between NAO and alpine climate
(Scherrer and Appenzeller 2006; Beniston 2012). One of
the most significant findings is that a negative phase of
the NAO is related to a strong persistence of low-pressure
fields over the Mediterranean region that attract perturba-
tions. They are then forced to cross the Alps from the
north, or from the east, in turn positively affecting annual
snowfall over the SPAR. Clark et al. (1999) and Bednorz
(2002) found that statistically significant negative rela-
tionships exist between the NAO index and the number
of days with winter snow cover in Poland and Eastern
Europe too.
Data and methods
An annual series of SDY data spanning the period be-
tween 1931 and 2006 was used for the development of a
prediction model based on seasonal temperature and
precipitation inputs. The SDY data series was derived
by Marty (2008) from 34 Swiss stations between 200
and 1800 m a.s.l. that met quality criteria (homogeneity
across data, convenient separation distance among sta-
tions and length of observations) out of an initial selection
of 41 stations. Quality control on the selected stations
included identification and estimation of missing and in-
consistent data with the help of neighbouring stations.
For the historical reconstruction of SDY across the
SPAR, we used precipitation data from an area included
between 07° 11′ and 09° 00′ E, and between 46° 30′ and
47° 30′ N, as derived from the seasonally resolved dataset
on a 0.5° grid (eight pixels) from Pauling et al. (2006) and
updated by CRU Global Climate Dataset (through https://
tinyurl.com/y47nuy4w). Temperatures are instead from
the Zurich observatory (47° 22′ N, 08° 32′ E), which
provides a long series back to 1836, as derived from the
Global Historical Climatology Network, version 3
(Lawrimore et al. 2011). A temperature dataset over the
same grid is available from Luterbacher et al. (2004) until
2000 (then updated by CRU Global Climate Dataset). We
found that the resulting time series is highly correlated
with the readily available Zurich series (R = 0.99 for both






Fig. 1 Geographical setting (a), Switzerland territory with pre-alpine areas (SPAR, in yellow) (arranged from goo.gl/VHtfi5) (b) and related ice days per
year (from MeteoSwiss, https://www.meteoswiss.admin.ch) (c)
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Development and parameterisation of the statistical
model
The varied topographic features surrounding the pre-alpine
area are modifiers of local precipitation patterns. The large-
scale impact of precipitation changes likely depends on the
spatial and temporal scales of disturbances, and on the inter-
action between such disturbances and small-scale structures. It
is desirable to quantify the characteristics of winter weather
conditions, not just in terms of the changes in temperature or
precipitation regimes taken separately, but also in terms of
joint quantile distributions (Beniston and Goyette 2007).
Joint distributions of temperature and precipitation records
have been shown to be closely associated with changes in
the underlying atmospheric circulation systems that lead to
snow-abundant or snow-sparse winters in the Alps (Beniston
2012). Statistical relationships established between weather
records taken at stations ranging from 275 to 2540 m a.s.l. in
the period 1958–1999 have shown, however, that the predict-
ability of snow days is low, with determination coefficients
(R2) around 0.4 (Scherrer et al. 2004). Relationships devel-
oped at lower-altitude stations (below 1000 m a.s.l.), compris-
ing only temperature as explanatory variables during the peri-
od 1931–2006, also resulted in poor performance, with R2 =
0.48 (Marty 2008). This is because cold winters are not always
associated with a high number of days with snow on the
ground. Awinter with a lot of snowfall is also not necessarily
associated with a high number of snow days (what makes
prediction a difficult task).
To increase the accuracy of predictions and minimize un-
certainties in the estimates, we developed an annually
resolved model, adopting a non-linear multivariate regression
with three input variables and five parameters. The data re-
source of 76 years (1931–2006) was segregated into two sub-
sets: randomly selected 50 years were used for model calibra-
tion, and the remaining 26 years were used for the validation
purpose. In this way, a number of monthly climatic explana-
tory variables was considered during the input selection pro-
cess according to the following guidance. First, in order to
reduce the number of inputs, we investigated the effects of
single variables, or sets of variables, on the SDY over some
climatologically meaningful periods. For instance, a sequence
of seasonal rainfalls can have an additive effect on the SDY
and this kind of knowledge can be used to determine the type
of dependence (either positive or negative) between SDYand
rainfall. This approach helped us to understand the association
between the SDY response variable (SDY(SPAR)) and multi-
ple predictors, such as the winter precipitation amount across
the gridded Swiss pre-alpine region, Pw (GSPAR), and winter
(December to February) and spring (March to May) average
temperatures at Zurich Observatory, Tw (ZOBS) and Ts
(ZOBS). Then, an iterative process (trial-and-error to compose
relevant drivers) enabled us to explain the dynamics of SDYin
relatively simple terms. A stepwise approach was used to al-
ternate between adding and removing terms. Afterwards, we
included more complex terms, but limiting the number of
factors (principle of parsimony). For instance, spring precipi-
tation and autumn temperature were initially introduced in the
model, and then removed because they did not allow for im-
proved estimates. The following non-linear multivariate re-
gression model (NLMRM) was thus derived to estimate
SDY in the SPAR:
SDY SPARð Þ ¼ A α þ ln Pw GSPARð Þ½ −βþ γTw ZOBSð Þ−ϑ Ts ZOBSð Þ−Tw ZOBSð Þ½ f g ð1Þ
where A (day year−1) is a scale parameter;α,β, γ (°C−1) and ϑ
(°C−1) are process parameters; Pw (GSPAR) is the winter pre-
cipitation averaged on a grid across the SPAR (as derived from
Pauling et al. 2006 plus updates). Winter and spring tempera-
tures are indicative of the type of air mass present in the at-
mospheric layers near the SPAR (as derived from the Zurich
observatory). The last term of the model represents a jumping
factor reflecting the switch occurring from winter to spring
temperatures.
The best fit against observations was obtained by maximiz-
ing the goodness-of-fit (R2, optimum = 1) and minimizing the
mean absolute error (MAE, optimum = 0). The assessment
was completed with the modelling efficiency, using the Nash
and Sutcliffe (1970) statistic (−∞ < EF ≤ 1, best).
Spreadsheet-based statistical analyses were performed with
the support of the STATGRAPHIC (Polhemus 2017) and
Wessa (2017) online freeware.
Results and discussion
Model parameterization and evaluation
For Eq. (1), the calibrated parameters are as follows: A =
10.45 day year−1, α = 4.73, β = 4.00, γ = 1.00 °C−1 and ϑ =
0.300 °C−1. The R2 statistic of the observed versus modelled
data (Fig. 2a) indicates that the fitted model explains 67% of
the observed variability. Since the ANOVA P value was less
than 0.05, the regression was statistically significant. The
mean absolute error (MAE), used to quantify the amount of
error, was equal to 6.38 days year−1, which is lower than the
standard deviation of the residuals (8.1 days yearr−1). The
Durbin-Watson (Durbin and Watson 1971) statistic (DW =
1.79308, P = 0.2696) revealed no significant serial autocorre-
lation in the residuals. Figure 2b shows the normal approxi-
mation of model residuals (normality test, P > 0.05, Jarque
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and Bera 1980). The Q-Q plot (Fig. 2c) exhibits a distribution
of sample-quantiles around the theoretical line, indicating a
model response free from large biases.
At the validation stage, the R2 statistic indicates that the
fitted model explains 60% of the observed variability, while
the MAE is equal to 6.4 days year−1. As well, the Durbin-
Watson statistic (DW= 1.807, P = 0.282) indicates that there
is no significant serial autocorrelation in the residuals.
Also at the validation stage (Fig. 3), the distribution of
residuals (Fig. 3b) does not deviate significantly from normal-
ity (P > 0.05), and the experimental Q-Q plot is aligned along
the theoretical line (Fig. 3c). The analysis of variance of the
regression model gave a P value less than 0.05 for each inde-
pendent variable, which means that the model cannot be sim-
plified and model results correspond to criteria of stability,
interpretability and usefulness (after Royston and Sauerbrei
2008).
Temporal pattern reconstruction of snow days
Figure 4a displays a negative trend of SDY over time, with a
correlation coefficient equals to − 0.31. The P value < 0.05 of
the ANOVA of the linear regression indicates a statistically
significant trend. Three periods are identified in the time se-
ries, for which mean SDY differences are maximal and corre-
spond to dissimilar climatic phases: at the end of the LIA
(1836–1868), the SDY were, on average, 36.5 ± 9.9 year−1;
in a transition interval (1869–1943), this number decreased to
35.6 ± 12.3 days year−1; in the third, warmer phase (1944–
2017), the decrease was even larger, with the mean value of
SDY equal to 29.9 ± 12.5 year−1. Thus, it can be assumed a
substantial absence of a change-point in SDY between the first
and second period (P = 0.7095), while the difference between
the second and third period marks a drastic jump around the
year 1943 and a significant trend (P = 0.00307). This SDY
trend reflects the decreasing trends in snowfall observed in
other parts of Europe (Nikolova et al. 2013; Irannezhad et al.
2017). This may extend the plant-growing season length, driv-
ing a higher demand for water supply (Wu et al. 2015; Ye et al.
2017). Statistics from Fig. 4a also evidence a P value of the
DW statistic less than 0.05 (DW= 1.59665, P = 0.0031), then
indicating a possible serial autocorrelation at the 95% confi-
dence level in the SDY series. Figure 4b shows two statisti-
cally significant autocorrelation coefficients (P < 0.05) at 1
and 15 years lag. While lag-1 autocorrelation measures
short-term persistence, the 15-year lag mirrors the 5- to 6-



















Fig. 2 Scatterplot of observed
and modelled snow days per year
at calibration stage for a random
sub-set of 50 years, with the inner
bounds showing 95% confidence
limits (pink coloured band), and
the outer bounds showing 90%
prediction limits for new obser-
vations (light pink coloured area)
(a), histogram of residuals (b) and
Q-Q plot (theoretical versus sam-
ple quantile values) (c)




















Fig. 3 Scatterplot of observed
and modelled snow days per year
at validation stage for a random
sub-set of 25 years, with the inner
bounds showing 95% confidence
limits (pink coloured band), and
the outer bounds showing 90%
prediction limits for new obser-
vations (light pink coloured area)
(a), histogram of residuals (b) and
Q-Q plot (theoretical versus sam-
ple quantile values) (c)
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year shift in the bidecadal variability mechanism described by
Escudier et al. (2013) that is the lag between the Atlantic
Multidecadal Overturning Circulation (AMOC) variability
and North Atlantic seas-surface temperature (SST) changes
asmodulated by volcanic eruptions (Swingedouw et al. 2015).
Positive NAO values force the enhancement of AMOC,
and an enhanced AMOC affects ocean heat transport, induc-
ing a SST pattern with a forcing effect delayed by ~ 15 years,
possibly due to the inertia associated with slow oceanic pro-
cesses (Sun et al. 2015). Here, we speculate on the oceanic
mechanisms that could reveal the reasons behind the signifi-
cant 15-year lag autocorrelation because snowfall changes in
the Alps tend to reflect Atlantic multidecadal phase shifts
(Zampieri et al. 2013).
Influence of atmospheric circulation patterns of snow
periods
In order to discover if the three periods identified above are
somewhat the result of changes occurred in the continental
atmospheric circulation, we grouped the snowiest years ac-
cording to composite plots of winter geopotential heights.
The occurrence of snow events in SPAR is to some extent
related to the presence of a low-pressure system over the cen-
tral Mediterranean area (CMA). At 500-hPa level, a trough,
moving from eastern Italy and the Adriatic Sea towards north-
eastern Balkans, pushes air masses from central and northern
Europe towards Italy, leading to a strong cold advection over
the CMA. Empirical orthogonal function (EOF) analysis
(Obled and Creutin 1986) was performed on the 500-hPa
geopotential height winter (December–January–February)
anomalies for three climatic periods. The resulting first two
EOFs explain a considerable fraction of the variance (~ 70%).
For the first period, 1836–1868, the second function (EOF 2)
shows that a strong disturbance in the mid-troposphere is
moving from northern Europe to the Balkans, transferring
very cold air masses (Fig. 5(a)). Across this period, the
prevailing atmospheric circulation favoured a frequent trans-
fer of very cold air masses in the lower troposphere from
north-eastern Europe. This situation, named Atlantic
blocking, is at the origin of the snow events occurred across
SPAR over many days. In the EOF 2 plot of the period 1869–
1943 (Fig. 5(b)), a similar deep 500-hPa low stretches from
north-east to west with its centre placed over the Balkans,
which are invested with continental cold air masses from
Russia. Also in this case, conditions are favourable for several
snow days over SPAR, although Schwander et al. (2017) ob-
served a decreasing number of cyclonic days after 1870.
In the third period, 1944–2017 (Fig. 5(c)), a cyclonic syn-
optic systemmoved on western Mediterranean with high 500-
geopotential over northern Europe, thus the flow of cold air
from Russian mainland, preventing from prolonged snow
events of certain importance, as compared to the period
1836–1868. The differences among the above three composite
plots refer to the exact locations, the strength and the trajecto-
ries of the synoptic disturbances, and the related cold air
masses in the mid troposphere. In turn, it determines the per-
sistence of snow days in the SPAR.
Summary and conclusions
Despite its centrality in ecological and environmental studies,
snow is so far a rather unexplored field in climate change
studies, for the difficulty in finding sufficiently long instru-
mental and homogeneous data series. In many regions of the
planet, it is not always possible to incorporate snow days into
hydrological and ecological dynamic analyses, and in model-
ling works, owing to the discontinuity of available time series.
To reach this objective, it becomes necessary to develop pro-
cedures for extrapolating SDY for long time series. The
NLMRM approach presented in this paper blends desirable
attributes from observations and regional reanalysis to recon-




































bFig. 4 Temporal evolution of
snow days per year in the Swiss
pre-alpine region during the peri-
od 1836–2017 (in grey recon-
structed values, in black the ob-
served ones for the period 1931–
2006), with drawn the long-term
trend (red line) and related confi-
dence intervals at 90 (large band)
and 95% (small band) (a).
Autocorrelation diagram with
95% confidence limits (pink
band) (b)
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alpine region. The efficiency values obtained (0.7 in the cali-
bration stage and 0.6 in the validation stage) indicate limited
model uncertainty (likely associated with narrow parameter
uncertainty) because Nash-Sutcliffe efficiency values of 0.6
can discriminate between unsatisfactory and satisfactory per-
formances (e.g. Lim et al. 2006). The model developed for the
SPAR is not easily transferable for applications in other alpine
areas. In fact, geographical locations have characteristics that
require specific model structures and local optimisation. The
application of the model to other alpine areas may thus be
limited by the ability to provide representative drivers and
parameter values. The limitations and the relative uncer-
tainties of our model are those linked to the absence of a
physical process that explains the interannual variability of
snow days. This uncertainty is mainly dependent on the em-
pirical nature of our model, which could be improved by in-
cluding features related to the dependence of temperature and
precipitation patterns on elevation (e.g. Terzago et al. 2017).
In spite of these limitations, this is a distinct improvement over
previously published quantitative approaches. In particular, it
allowed to identify three periods of significant snow days,
which are strictly linked to the changes occurred in the conti-
nental atmospheric circulation: 36.5 ± 9.9 days year−1 (1836–
1868), 35.6 ± 12.3 days year−1 (1869–1943) and 29.9 ±
12.5 days year−1 (1944–2017). A sharp drop is clearly evident
in the most recent period, according to composite plots of
winter geopotential heights and the presence of a cyclonic
synoptic system centred over Eastern Europe. In a century-
long perspective, the increase in temperatures values (and re-
lated changes from solid to liquid precipitation) and the impact
of large-scale atmospheric patterns emerge as important
drivers of the SDY decrease that we have observed in the
long-term series reconstructed in this study. In the last de-
cades, snow lines have been moving to higher altitudes, and
snow seasons have become progressively shorter, causing ac-
celerated snow and ice melt, and permafrost degradation
(Colombo et al. 2018). This affects the seasonality of water
availability, with consequences for water storage and manage-
ment in reservoirs for drinking water, irrigation, tourism and
hydropower production. Improvements in numerical
modelling and a better understanding of the processes linking
variations in snow cover and regional weather patterns are the
important fields that, in our view, future climate research
should focus on. The contribution of our paper goes in this
direction, while seeking to improve the conceptual method of
investigation and predict future changes with more
confidence.
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